Eukaryotic DNA replication fidelity relies on the concerted action of DNA polymerase nucleotide selectivity, proofreading activity, and DNA mismatch repair (MMR). Nucleotide selectivity and proofreading are affected by the balance and concentration of deoxyribonucleotide (dNTP) pools, which are strictly regulated by ribonucleotide reductase (RNR). Mutations preventing DNA polymerase proofreading activity or MMR function cause mutator phenotypes and consequently increased cancer susceptibility. To identify genes not previously linked to high-fidelity DNA replication, we conducted a genome-wide screen in Saccharomyces cerevisiae using DNA polymerase active-site mutants as a "sensitized mutator background." Among the genes identified in our screen, three metabolism-related genes (GLN3, URA7, and SHM2) have not been previously associated to the suppression of mutations. Loss of either the transcription factor Gln3 or inactivation of the CTP synthetase Ura7 both resulted in the activation of the DNA damage response and imbalanced dNTP pools. Importantly, these dNTP imbalances are strongly mutagenic in genetic backgrounds where DNA polymerase function or MMR activity is partially compromised. Previous reports have shown that dNTP pool imbalances can be caused by mutations altering the allosteric regulation of enzymes involved in dNTP biosynthesis (e.g., RNR or dCMP deaminase). Here, we provide evidence that mutations affecting genes involved in RNR substrate production can cause dNTP imbalances, which cannot be compensated by RNR or other enzymatic activities. Moreover, Gln3 inactivation links nutrient deprivation to increased mutagenesis. Our results suggest that similar genetic interactions could drive mutator phenotypes in cancer cells.
Eukaryotic DNA replication fidelity relies on the concerted action of DNA polymerase nucleotide selectivity, proofreading activity, and DNA mismatch repair (MMR). Nucleotide selectivity and proofreading are affected by the balance and concentration of deoxyribonucleotide (dNTP) pools, which are strictly regulated by ribonucleotide reductase (RNR). Mutations preventing DNA polymerase proofreading activity or MMR function cause mutator phenotypes and consequently increased cancer susceptibility. To identify genes not previously linked to high-fidelity DNA replication, we conducted a genome-wide screen in Saccharomyces cerevisiae using DNA polymerase active-site mutants as a "sensitized mutator background." Among the genes identified in our screen, three metabolism-related genes (GLN3, URA7, and SHM2) have not been previously associated to the suppression of mutations. Loss of either the transcription factor Gln3 or inactivation of the CTP synthetase Ura7 both resulted in the activation of the DNA damage response and imbalanced dNTP pools. Importantly, these dNTP imbalances are strongly mutagenic in genetic backgrounds where DNA polymerase function or MMR activity is partially compromised. Previous reports have shown that dNTP pool imbalances can be caused by mutations altering the allosteric regulation of enzymes involved in dNTP biosynthesis (e.g., RNR or dCMP deaminase). Here, we provide evidence that mutations affecting genes involved in RNR substrate production can cause dNTP imbalances, which cannot be compensated by RNR or other enzymatic activities. Moreover, Gln3 inactivation links nutrient deprivation to increased mutagenesis. Our results suggest that similar genetic interactions could drive mutator phenotypes in cancer cells.
DNA replication fidelity | mismatch repair | CTP biosynthesis | DNA polymerases | dNTP pool imbalance T he fidelity of DNA replication is strongly influenced by three processes (1-3): (i) nucleotide selectivity, wherein replicative DNA polymerases select the correct dNTP to be incorporated; (ii) DNA polymerase proofreading activity, which excises wrongly incorporated nucleotides by using the DNA polymerase 3′-to-5′ exonuclease activity; and (iii) mismatch repair (MMR) (4, 5) , a DNA replication-coupled repair mechanism (6, 7), which corrects errors that escaped proofreading. Furthermore, the balance and overall concentration of dNTPs not only affect nucleotide selection but also influence DNA polymerase proofreading activity (8) . A central player in the biosynthesis of dNTPs is the ribonucleotide reductase (RNR) holoenzyme, which catalyzes the reduction of NDPs to dNDPs (9, 10) . In Saccharomyces cerevisiae, RNR is composed of two identical Rnr1 large subunits that associate with two smaller subunits represented by Rnr2 and Rnr4 (11, 12) . In addition, a second large subunit has been identified (Rnr3), which is induced upon DNA damage and when overexpressed can rescue the rnr1 lethal phenotype (13) .
The interplay between nucleotide selectivity, DNA polymerase proofreading activity, and MMR guarantees the high accuracy of DNA replication, resulting in less than one mutation per genome duplication in S. cerevisiae (14) (15) (16) . Perturbations in any of these processes are linked to increased mutation rates and, in higher eukaryotes, to increased cancer susceptibility. Accordingly, mutations inactivating DNA polymerase proofreading function or MMR genes are associated with familial colorectal/ovarian cancer (17, 18) and Lynch syndrome (19) , respectively.
Eukaryotic DNA synthesis is accomplished by three essential DNA polymerases: Polα, Pole, and Polδ (called in S. cerevisiae Pol1, Pol2, and Pol3, respectively). Polα initiates DNA synthesis at replication origins and at every Okazaki fragment, albeit with low processivity and lack of proofreading activity. Subsequently, the synthesis is taken over by one of the two high-fidelity DNA polymerases, Pole or Polδ. Pole replicates the leading strand, whereas Polδ synthesizes the lagging strand. This "division of labor during eukaryotic DNA replication" model (20) was initially proposed based on the characterization of S. cerevisiae strains carrying activesite mutations in DNA polymerases (e.g., pol2-M644G and pol3-L612M), which confer a weak mutator phenotype with a characteristic mutator signature, without compromising DNA polymerase proofreading activity (21, 22) .
Given the intrinsic mechanistic differences between leading-and lagging-strand DNA synthesis, it has been proposed that the two strands may also differ in terms of repair efficiencies. Supporting this idea, reports have shown that errors made in the lagging strand (especially those generated by Pol1) are more efficiently repaired by MMR than errors made in the leading strand (23, 24) . In addition, inactivation of yeast Exo1, a 5′-3′ exonuclease that is involved in
Significance
The duplication of the genetic information (DNA) requires high accuracy to prevent potentially deleterious genetic alterations (mutations). The fidelity of this reaction depends on DNA polymerase selectivity and proofreading functions, postreplicative mismatch repair (MMR), and the abundance of dNTPs, the building blocks of DNA. Here, in a genome-wide screen in budding yeast, we uncovered a group of genes required for high-fidelity DNA replication. When these genes are absent, cells are prone to incorporate incorrect nucleotides, and consequently they heavily rely on DNA polymerase functions and MMR to prevent severe hypermutability. These findings suggest that similar genetic interactions could play a role in human cancer, where inactivation of these genes might act as "minidrivers" that facilitate tumor evolution.
MMR (25) , increased the mutation rates to a greater extent when combined with mutant variants of the lagging-strand polymerases (pol1-L868M or pol3-L612M) than when combined with a mutator variant of the leading-strand polymerase (pol2-M644G) (26, 27) . This suggests that lagging-strand MMR might be more dependent on Exo1 function than leading-strand MMR.
In this study, we conducted a genome-wide screen in S. cerevisiae in which we used three active-site DNA polymerase mutants to identify genes that prevent the accumulation of mutations. We uncovered a group of genes that are important for ensuring the fidelity of DNA replication, especially when DNA polymerase or MMR function is compromised. We discovered that inactivation of either the transcription factor Gln3 or the CTP synthetase Ura7 results in reduced dCTP concentrations and DNA damage checkpoint activation, with concomitant up-regulation of the other three dNTPs. Moreover, we showed that glutamine supplementation suppresses mutagenesis in gln3Δ mutants, providing evidence for a link between nutrient deprivation and mutator phenotypes. Mutation spectra analysis in ura7Δ and gln3Δ mutants revealed a mutation signature dominated by C-to-T transitions, which is likely driven by an increased dTTP:dCTP ratio observed in the absence of either of these two genes. Overall, we have found an additional requirement for dNTP pool homeostasis, defined by genes that affect the production of one of the substrates used by RNR. We demonstrated that inactivation of these genes creates a dNTP pool imbalance with high mutagenic potential that, in combination with genetic alterations affecting DNA polymerase nucleotide selectivity, proofreading activity, or MMR, causes a strong mutator phenotype.
Results
A Genome-Wide Screen Uncovers Genes Required for DNA Replication Fidelity. Numerous studies in S. cerevisiae have shown that DNA polymerase mutations, in combination with MMR mutant alleles, lead to synergistic mutator interactions (28) (29) (30) (31) . We rationalized that, by using DNA polymerase mutants as a "sensitized mutator background," we may identify previously unrecognized genes that contribute to DNA replication fidelity. For this purpose, we performed a genome-wide screen where we crossed a nonessential yeast deletion collection (∼4,800 strains) with either a wild-type (WT) strain, or one of three DNA polymerase active-site mutants (pol1-L868M, pol2-M644G, and pol3-L612M), followed by mutator phenotype evaluation. These active-site mutations cause a mild mutator phenotype, allowing us to screen for mutational enhancers. We engineered a modified version of the synthetic genetic array (SGA) protocol (32) to select for haploid cells that simultaneously carry the DNA polymerase mutation, a nonessential gene deletion, and two mutator reporters, one frameshift reporter (lys2-10A), and one forward inactivation reporter (CAN1) (Fig. 1A) . To increase the robustness of the screen, we crossed in quadruplicate the deletion collection with the four query strains. Due to the large number of strains, we aimed to screen for mutator phenotypes (∼4,800 strains × 4 queries × 4 ∼ 77,000 strains), we set up a "semihigh-throughput" method in 96-well format, in which each plate contained up to 24 different genotypes. Cells were spotted in yeast extract-peptone-dextrose (YPD) agar plates, grown, and replica plated on reporter plates lacking lysine (lys2-10A frameshift assay) or containing canavanine (CAN1 inactivation assay). After 4 d of incubation, plates were scored for increased number of colonies, which is indicative of potential mutator phenotypes. The msh6Δ mutant, which shows a partial MMR deficiency (33) , resulted in frameshifts (lysine− plate) and increased CAN1 inactivating mutations (+canavanine plate). Moreover, the ubc13Δ mutant that is defective in error-free postreplication repair (34) caused increased CAN1 inactivation but not frameshifts.
A previous screen done in S. cerevisiae identified 33 genes with different roles in DNA replication and repair (among others) that, when inactivated, caused elevated mutator phenotypes (35) . In contrast, we concentrated our work on deletion mutants that confer strong mutator phenotypes in the presence of DNA polymerase mutant alleles.
Qualitative mutator analysis of the double mutants uncovered a group of genes (GLN3, SHM2, URA7, RRM3, and EXO1) that, when inactivated in specific DNA polymerase mutant backgrounds, resulted in strong mutator phenotypes, evidenced by an increased abundance of canavanine-resistant (Can R ) colonies (three representative examples are shown in Fig. S1 ). None of these double mutants (with the exception of exo1Δ combinations) showed an increased mutator phenotype in the lys2-10A frameshift assay, suggesting that the Can R mutator phenotypes are likely a consequence of base substitutions (Fig. S1) .
Besides EXO1, all other identified genes have not been previously linked to an increased mutator phenotype. Intriguingly, most of these gene deletions (GLN3, SHM2, URA7, and EXO1) caused strong mutator phenotypes exclusively in the laggingstrand DNA polymerase mutant backgrounds (pol1-L868M and pol3-L612M). Moreover, gln3Δ, shm2Δ, ura7Δ, and rrm3Δ did not cause a mutator phenotype in the presence of WT DNA polymerases, suggesting that DNA polymerases buffer against mutations in the absence of these genes.
Gln3, Shm2, and Ura7 regulate genes or metabolic reactions that are linked to the synthesis of purines and pyrimidines. Specifically, Ura7 converts UTP into CTP, which is then used as substrate for the production of dCTP and dTTP (36, 37) Fig. 1 . Genome-wide screen identifies genes that affect DNA replication fidelity in S. cerevisiae. (A) Strategy used to cross the nonessential gene deletion collection with active-site DNA polymerase mutants. (B) To screen for mutator phenotypes in 96-well format, strains were spotted on YPD, grown, and replica plated on mutator reporter plates. Increased number of colonies is indicative of a potential mutator phenotype. On the right side (zoom-in), msh6Δ results in increased frameshifts (lysine−) and CAN1 mutations (+canavanine), whereas ubc13Δ increases CAN1 mutations, exclusively.
a transcription factor that controls nitrogen metabolism (38, 39) ; and last, Shm2 is a serine hydroxymethyltransferase part of the onecarbon (C1) metabolism (40, 41) . On the other hand, Exo1 and the helicase Rrm3 belong to the group of proteins implicated in DNA repair and genome stability (42) (43) (44) (45) .
To validate our initial findings, we first generated de novo single and double mutants and determined their mutation rates by fluctuation analysis (Table 1 ). In agreement with initial findings, gln3Δ, shm2Δ, ura7Δ, and rrm3Δ single mutants showed mutation rates that were indistinguishable from WT strain. Notably, we found that inactivation of GLN3, SHM2, URA7, or EXO1 resulted in a synergistic increase in the mutation rates when combined with mutator variants of the lagging-strand DNA polymerases (pol1-L868M or pol3-L612M), but not when combined with a leading-strand polymerase mutant (pol2-M644G) ( Table 1 ). The double-mutants pol1-L868M ura7Δ and pol1-L868M gln3Δ showed the highest CAN1 mutation rates, which were 323-and 293-fold higher than WT (or 65-and 59-fold higher than pol1-L868M mutant), respectively. A similar synergistic increase was observed in ura7Δ or gln3Δ mutants in combination with pol1-L868M or pol3-L612M (but not with pol2-M644G) in an alternative forward mutation assay based on the inactivation of the URA3 gene (Table S1 ). Thus, these results further demonstrate that these double-mutant combinations result in an overall increased mutator phenotype. To test whether the mutator phenotype observed in pol3-L612M ura7Δ (or pol3-L612M gln3Δ) double mutant depends on error-prone translesion synthesis (TLS) DNA polymerases (Polζ, Polη, or Rev1) (46), we measured the mutation rates in pol3-L612M gln3Δ and pol3-L612M ura7Δ strains lacking Polζ (rev3Δ), Polη (rad30Δ), or Rev1 (rev1Δ) polymerases. We found that, in the absence of TLS polymerases, the mutation rates were not reduced (Table S2) ; therefore, these genes are not responsible for the mutator phenotype.
Unlike gln3Δ, ura7Δ, exo1Δ, and shm2Δ mutants that predominantly interacted with pol1-L868M and pol3-L612M, the rrm3Δ mutant mainly interacted with pol2-M644G and pol3-L612M, resulting in mutation rates 40-fold and 50-fold higher than WT, respectively (or threefold and fourfold higher than the polymerase mutants) ( Table 1 ).
Inactivation of Gln3 or Ura7 Results in a Mutagenic Potential That Is
Counteracted by DNA Polymerase Proofreading Function and MMR Activity. Because DNA replication fidelity depends not only on nucleotide selectivity but also on DNA polymerase proofreading activity and MMR function, we tested the consequences of the loss of Gln3, Shm2, Ura7, and Rrm3 in three genetic backgrounds with partially compromised MMR function (exo1Δ, msh3Δ, and msh6Δ) (33, 47) , complete lack of MMR (msh2Δ) (33) , or in the absence of Pole proofreading activity (pol2-04 mutant allele) (48) . Inactivation of GLN3 or URA7 in all tested backgrounds, with the exception of msh3Δ, resulted in strong synergies in the CAN1 inactivation assay (Table 2 and Table S3 ). For example, exo1Δ gln3Δ resulted in a 15-fold higher mutation rate than exo1Δ, and msh6Δ ura7Δ resulted in 40-fold increase over msh6Δ strain. Inactivation of RRM3 or SHM2 in an msh6Δ background caused a smaller increase in CAN1 inactivation (5.1-and 2.2-fold over msh6Δ strain, respectively) and had no effect in the CAN1 inactivation rate in an exo1Δ background.
Exo1Δ gln3Δ and exo1Δ ura7Δ double mutants also showed increased levels of frameshift mutations (Table S3 ). We confirmed these frameshifts by sequencing 50 independent hom3-10 revertants (Thr + ) from exo1Δ gln3Δ and exo1Δ ura7Δ double mutants. We found that all Thr + revertants contained the same single-nucleotide deletion (−1 T) in a run of 7 Ts (starting at nucleotide 646), a hotspot for frameshift mutations previously identified in MMR-deficient mutants (33) .
Mutational analysis in msh2Δ shm2Δ, msh2Δ gln3Δ, msh2Δ ura7Δ, and msh2Δ rrm3Δ double mutants revealed 1.4-, 2.4-, 6.6-, and 3.1-fold increase in the CAN1 inactivation rate (compared with msh2Δ strain), respectively, without a significant impact on frameshift mutations (Table S3 ). With the exception of msh2Δ shm2Δ mutant, all other double mutants showed CAN1 inactivation rates significantly higher than msh2Δ strain (according to 95% confidence intervals).
Inactivation of MSH3 in gln3Δ, shm2Δ, ura7Δ, or rrm3Δ mutant backgrounds revealed no major changes in the mutation rates, with the exception of msh3Δ rrm3Δ, which showed a small increase in all three assays (Table S3 ). These observations are in agreement with the predominant role of Msh6 over Msh3 in MMR, specifically in the repair of base substitutions (33) .
Double-mutant combinations of gln3Δ or ura7Δ with pol2-04 revealed synergistic increases in the CAN1 mutation rates ( Table 2) . For example, pol2-04 gln3Δ and pol2-04 ura7Δ double mutants resulted in 26-and 59-fold increase over pol2-04, respectively. Together, these findings indicate that loss of Gln3 or Ura7 predisposes to base substitutions that are prevented by DNA polymerases or corrected by MMR. On the other hand, inactivation of Shm2 or Rrm3 in msh6Δ, msh2Δ, or pol2-04 mutant backgrounds resulted in a less pronounced increase in the mutation rates (Table 2 and  Table S3 ). These results may reflect a smaller contribution of Shm2 and Rrm3 in DNA replication fidelity, compared with either Ura7 or Gln3.
Despite several attempts, we could not obtain a ura7Δ mutant in a Polδ proofreading-defective background (pol3-01) (28) by yeast matings. This observation suggested that the pol3-01 ura7Δ doublemutant combination might result in synthetic lethality or severe growth defect. Similar genetic interactions have been previously described for pol3-01 in combination with mutations that abolish MMR function (e.g., msh2Δ combined with pol3-01) (29), supporting a model in which the extreme mutator phenotype results in "error-induced extinction" (28, 31) . Indeed, plasmid-shuffling experiments in a haploid pol3Δ ura7Δ strain complemented by a pol3-01 plasmid ("ura7Δ + pol3-01") revealed a strong growth defect ( Fig. 2A) , which was less severe in a diploid homozygous pol3Δ ura7Δ strain complemented with the same plasmid (Fig. 2B ). This observation is in agreement with the ∼10-fold higher error extinction threshold that a diploid strain (compared with haploids) can tolerate (49) . Moreover, even a diploid ura7Δ + pol3-01 strain showed reduced proliferation rates compared with isogenic strains transformed with WT POL3 plasmid (Fig. 2C) . As ura7Δ + pol3-01 haploid mutants showed severe growth defects, we determined CAN1 mutation rates in ura7Δ + pol3-01 diploid strains hemizygous for the CAN1 locus (CAN1/can1Δ) (Fig. 2D) . Remarkably, we found that ura7Δ + pol3-01 diploid strain has a mutation rate of 1.6 × 10 −3 (6.482-fold higher than a WT diploid strain). This mutation rate is at the error extinction threshold (1 × 10 −3 mutations per cell division) reported for haploids (49) but is below the one for diploids (1 × 10 −2 mutations per cell division), arguing that the severe growth defect observed in haploids is a consequence of error-induced extinction. These findings demonstrate that Ura7 inactivation leads to an extreme mutator phenotype, which in the absence of Pol3 proofreading activity is almost incompatible with cell viability.
Loss of Gln3 or Ura7 Causes Activation of the DNA Damage Response.
Three of the mutants identified here (gln3Δ, ura7Δ, and rrm3Δ) were previously shown to have an extended S-phase (50) . Because a prolonged S-phase could indicate DNA damage or replication stress, we investigated whether gln3Δ or ura7Δ mutants show activation of the DNA damage response (DDR) (Fig.  3A) , similar as described for rrm3Δ mutant (51) . DNA damage or replication stress triggers phosphorylation of checkpoint kinase Rad53 (52, 53) , which in turns activates checkpoint kinase Dun1. Dun1 phosphorylation results in the inhibition of three repressors of RNR: Sml1, which binds and inhibits RNR1 (54, 55); Crt1, which acts as a transcriptional repressor of RNR2-4 (12, 13, 56); and Dif1, which prevents RNR cytoplasmic holoenzyme assembly by sequestering Rnr2-Rnr4 into the nucleus (57, 58) . Thus, phosphorylation of Dun1 releases the negative regulation on RNR, promoting high expression levels of RNR subunits (RNR1-4) and RNR holoenzyme assembly, consequently resulting in increased dNTP production (59) (Fig. 3A) .
Analysis of whole-cell lysates in ura7Δ and gln3Δ mutants by Western blotting revealed that both deletions cause constitutive DDR activation, characterized by Rad53 phosphorylation (as evidenced by a retarded Rad53 electrophoretic mobility) and elevated Rnr2 and Rnr4 levels (and increased Rnr3 levels in ura7Δ mutant) (Fig. 3B) . Loss of Shm2 did not affect Rad53 phosphorylation or RNRs levels with the exception of Rnr4, which was slightly elevated. Accordingly, mutants with constitutive activation of DDR, like pol2-M644G (60) or as shown here gln3Δ and ura7Δ deletion mutants, all presented an accumulation of cells in S-phase (Fig. 3C) . Unlike pol2-M644G, other active-site DNA polymerase mutants (pol1-L868M and pol3-L612M) did not cause activation of DDR (Fig. 3 B and C) .
Previous reports have shown that mutator phenotypes observed in strains carrying DNA polymerase mutations preventing proofreading (pol2-04 or pol3-01) (31, 60, 61) or altering nucleotide selectivity function (pol3-L612M or pol3-R696W) (49, 62) can be suppressed by deletion of DUN1, which leads to reduced dNTP pools. To test whether the strong mutator phenotypes identified here can be modulated by dNTP levels, we introduced the dun1Δ mutation in several double mutants. Notably, deletion of DUN1 almost completely suppressed the CAN1 mutator phenotype in pol1-L868M gln3Δ from 293-fold to 4-fold over the WT rate (Fig. 3D) . Similar results were obtained when the dun1Δ mutation was introduced in pol3-L612M ura7Δ, pol2-04 gln3Δ, and pol3-L612M gln3Δ double mutants (Fig. 3D and Table S3 ). Interestingly, we found that deletion of DUN1 in Table 2 . ) with 95% confidence interval in square brackets and fold increase relative to the WT in parentheses. or diploid homozygous (2n) pol3Δ ura7Δ mutants expressing either WT POL3 or mutant pol3-01, were grown as in A. (C) Proliferation curves. Diploid homozygous pol3Δ or pol3Δ ura7Δ strains were transformed with either WT POL3 or pol3-01 plasmids. Three independent isogenic strains for each genotype were grown overnight in YPD and diluted next day to OD 600 = 0.1 in fresh YPD. Proliferation was followed by OD 600 measurements, and the values were plotted as mean ± SD on log 2 scale. (D) Quantification of CAN1 inactivation rates in diploid strains hemizygous for CAN1 locus (see SI Materials and Methods for additional details) and homozygous for pol3Δ or pol3Δ ura7Δ mutations complemented with POL3 or pol3-01 plasmids. Error bars represent the 95% confidence intervals (CIs) and numbers on top indicate the fold increase in the mutation rate over the WT diploid strain (2.4 × 10 −7 Can R mutants per cell division).
exo1Δ ura7Δ double mutant also reduced the CAN1 mutation rate up to exo1Δ levels (from 261-fold to 12-fold over WT) (Fig.  3D) . Thus, the gain in DNA replication fidelity observed in the absence of DUN1 is not restricted to strains carrying DNA polymerase mutant alleles, and it is likely a consequence of reduced dNTP concentrations. On the other hand, Dun1 inactivation enhanced the S-phase delay observed in ura7Δ (and had no effect in gln3Δ mutant) as indicated by DNA content analysis (Fig. 3C ). Gln3, a member of the GATA transcription factor family negatively regulated by target of rapamycin (TOR), activates genes subject to nitrogen catabolite repression, particularly during glutamine limitation (63) . Glutamine is an energy source and a substrate for the synthesis of purines and pyrimidines, among other nitrogencontaining molecules (39, 64 ). Thus, we tested whether supplementation of the culture media (YPD) with 5 mM glutamine can suppress the mutator phenotype of pol3-L612M gln3Δ, pol2-04 gln3Δ, and exo1Δ gln3Δ double mutants. Remarkably, glutamine supplementation resulted in a partial 3.3-, 3.3-, and 4-fold reduction in the CAN1 mutation rates, respectively (Fig. 3E) . These observations suggest that, although gln3Δ cells were grown in rich media, at later stages during the growth of the culture, glutamine becomes limited resulting in increased mutagenesis.
Gln3 and Ura7 Are Both Required for Maintenance of Normal dNTP
Pools. Because deletion of GLN3 and URA7 both resulted in activation of DDR and both genes have metabolism-related functions, we hypothesized that their loss influences the balance of nucleotide pools. Quantification of ribonucleoside 5′-triphosphate (NTP) concentrations in these mutants ( Fig. 4A and Table S4 ) revealed a 66% reduction in CTP levels in ura7Δ, which is in agreement with a previous report (37) . Remarkably, gln3Δ also presented 46% reduction in CTP levels and a 1.7-fold increase in UTP pools. Because CTP is converted into CDP and then reduced by RNR into dCDP, which can be used for either dCTP or dTTP biosynthesis (Fig. 5A) (9), we tested whether lower CTP levels might affect dNTP pools. Strikingly, we found that gln3Δ and ura7Δ mutations both resulted in ∼50% reduction in dCTP levels and a concomitant increase in dTTP, dATP, and dGTP ranging from 2.4-up to 4-fold over their respective WT dNTP concentrations (Fig. 4B) . In contrast, NTP and dNTP levels in shm2Δ, pol1-L868M, or pol3-L612M mutants were indistinguishable from WT strain (Fig. 4 A and B and Tables  S4 and S5 ). In agreement with previous reports, we found that pol2-M644G mutant presents an overall increase in dNTP pools (60, 65) .
Next, we measured NTP/dNTP levels in dun1Δ gln3Δ and dun1Δ ura7Δ double mutants (Fig. 4 A and B) . Importantly, we found that, in the absence of Dun1, nucleotide pools in gln3Δ and ura7Δ strains were almost identical to WT, with exception of CTP and dCTP, which remained 30-50% and 64% lower, respectively. Therefore, Dun1 inactivation partially suppresses the dNTP imbalance in ura7Δ and gln3Δ mutants and consequently its mutagenic potential.
Inactivation of Gln3, Ura7, and Shm2 Causes an Increase in Mutations
Dominated by C-to-T Transitions. To further characterize ura7Δ, gln3Δ, and shm2Δ mutants, we carried out mutational spectra analysis at the CAN1 locus (in an msh6Δ background to prevent the correction of mispairs) aiming to correlate this information with dNTP levels. According to previous findings (33), we observed in msh6Δ mutant a higher proportion of base substitutions compared with the WT strain (92% versus 75%, respectively) (Table S6) . Moreover, the percentage of base substitutions increased up to 99% in msh6Δ gln3Δ, msh6Δ ura7Δ, or msh6Δ shm2Δ double mutants. Noteworthy, ∼95% of the mutations in msh6Δ gln3Δ and msh6Δ ura7Δ were G:C-to-A:T transitions (compared with 54% observed in msh6Δ) (Fig. 4C and Table S6 ). A similar trend was also found in msh6Δ shm2Δ in which G:C-to-A:T transitions represented 80% of Can R events. Analysis of the mutation spectra in msh6Δ gln3Δ identified G788A, G806A, G980A, G1018A, and G1622A as mutational hotspots occurring at a frequency at least 3.5 times higher than in the msh6Δ strain and two other weaker hotspots (G584A and C1426T) (Fig. 4D and Table S7 ). Comparing the mutation spectra in msh6Δ gln3Δ with msh6Δ ura7Δ revealed interesting similarities including hotspots G584A, G788A, G980A, G1018A, and C1426T. However, in msh6Δ ura7Δ, only G670A and G788A hotspots are significantly different from msh6Δ. Interestingly, some of these mutations, including G670A, G788A, and G980A, were also found in msh6Δ shm2Δ (Table S7) , although this mutant in general had a broader distribution of the G:C-to-A:T transitions across the CAN1 gene. The increased frequency of G:C-to-A:T transitions in msh6Δ gln3Δ and msh6Δ ura7Δ strains is in agreement with the reduced dCTP and elevated dTTP levels, resulting in a dCTP:dTTP ratio of 1:15 compared with the 1:2 ratio existing in WT cells. We also identified one mutational hotspot (G497A) preferentially found in strains with normal dCTP levels (msh6Δ and msh6Δ shm2Δ) (Fig.  4E) . Thus, this mutation appears to be counterselected in strains with reduced dCTP levels, given the sequence context that demands dCTP, immediately after the predicted dTTP misincorporation.
Discussion
Gln3, Shm2, Ura7, and Exo1 Increase Lagging-Strand DNA Replication Fidelity. We discovered that, like EXO1 deletion, the inactivation of GLN3, URA7, and SHM2 caused synergistic increases in mutation rates exclusively in combination with lagging-strand DNA polymerase active-site mutant alleles (pol1-L868M or pol3-L612M). Table S3 . (E) Mutation rates in the indicated strains grown in YPD media supplemented or not with 5 mM glutamine (Gln). Error bars represent the 95% CI, and numbers on top indicate the fold increase in the mutation rate over WT.
These findings contrast with the synergistic increase in mutation rates reported after introducing an msh2Δ mutation in either leading (pol2-M644G)-or lagging (pol3-L612M)-strand DNA polymerase mutant backgrounds (26) . There are several possible explanations for this Polδ/lagging-strand bias: (i) a higher DNA replication fidelity during leading-strand synthesis facilitated by Pole checkpoint activation (66) (67) (68) , which might provide additional time for proofreading or MMR; (ii) an increased base selectivity of Pole (by a factor of 10) compared with Polδ (2); (iii) intrinsic differences of how these active-site mutations interfere with Pole and Polδ replication fidelity; or (iv) leading-and lagging-strand DNA synthesis being mainly done by Polδ. This fourth hypothesis, supported by a recent study (69) , opened up a strong controversy about the assignment of replicative DNA polymerases to the leading-or lagging-strand synthesis (70) . At this point, we cannot distinguish between these different possibilities. However, it is interesting that ura7Δ and gln3Δ mutants showed remarkable similarities to a previously reported rnr1 mutant (rnr1-Q288A), which causes altered dNTP pools and increased mutagenesis (68) . Similar to ura7Δ or gln3Δ, rnr1-Q288A shows reduced dCTP pools, resulting in the same dCTP:dTTP = 1:15 ratio, and activation of the DDR. Moreover, rnr1-Q288A CAN1 mutation spectra contained several hotspots (G670A, G788A, and G1018A) frequently found in msh6Δ ura7Δ (some of them also present in msh6Δ gln3Δ). Notably, mutational hotspots identified in the rnr1-Q288A strain were predicted as a consequence of lagging-strand replication. Thus, the bias for lagging-strand mutagenesis, observed in gln3Δ, ura7Δ, and rnr1-Q288A mutant strains, might be explained by inadequate dNTP pools causing S-phase checkpoint activation during Pole's leading-strand synthesis. In this way, checkpoint activation might provide additional time for polymerase proofreading and/or MMR. Future studies will be required to investigate why most of the mutations identified here show a mutator bias for active-site mutants of lagging-strand DNA polymerases.
Rrm3 and Shm2 Contribute to DNA Replication Fidelity. The Rrm3 helicase facilitates the passage through natural pausing sites of genomic regions containing replication fork barriers (42, 43, 51) . Similarly, Rrm3 could facilitate the passage through DNA pausing sites resulting from low-fidelity DNA replication conditions, and therefore be preferentially required for polymerases with high processivity (Pole and Polδ) (71) . Alternatively, the elevated dNTP pools in rrm3Δ mutant (72, 73) might promote mutagenesis, as it has been described for other mutations causing increased dNTP pools (74, 75) . Moreover, a recent publication described an alternative helicase-independent Rrm3 function required for restricting DNA replication under replication stress (76) , which could potentially enhance DNA replication fidelity. Future studies will address whether the effects described here are dependent on Rrm3's helicase activity or perhaps related to this alternative role of Rrm3. (Tables S4 and S5 ). Error bars represent SD. (C) Independent Can R clones (n ≥ 91 per genotype) were sequenced for CAN1 mutations. Graphs indicate the type of identified mutations, in percentages (see also Tables S6 and S7 ). (D) The G-to-A mutational hotspot at nucleotide 788 was frequently found in msh6Δ gln3Δ, msh6Δ shm2Δ, and msh6Δ ura7Δ strains. Predicted mutation is noted in red. Nucleotides marked in green are facilitating mispair rapid extension prior proofreading due to their higher abundance in gln3Δ or ura7Δ mutants, compared with the WT strain. (E) The G-to-A mutational hotspot at position 497 was frequently found in msh6Δ and msh6Δ shm2Δ, but not in msh6Δ gln3Δ and msh6Δ ura7Δ. Here, the predicted G-dT mispair is immediately followed by incorporation of dCTP (in black), which is less abundant in gln3Δ and ura7Δ strains and, therefore, unlikely to support mispair rapid extension.
Shm2 is a cytosolic serine hydroxymethyltransferase that synthesizes 5,10-methylene-tetrahydrofolate (5,10-CH 2 -THF) (40, 41) , an intermediate in the one-carbon (C1) cycle and precursor in de novo synthesis of purines and pyrimidines (Fig. 5A) . In mammals, the same reaction is catalyzed by the serine hydroxymethyltransferase 1 (Shmt1) (Shmt1 is the mammalian homolog of yeast Shm2). Mammalian Shmt1 also serves as a scaffold protein that facilitates the interaction with DHFR and thymidylate synthase at the nuclear lamina (77) . Remarkably, inactivation of Shmt1 in mice (78, 79) or its down-regulation in human lung cells (80) results in increased uracil incorporation into DNA as result of impaired de novo dTMP biosynthesis.
Here, we found that inactivation of Shm2 results in increased mutation rates in DNA polymerase mutant backgrounds (pol1-L868M, pol3-L612M, or pol2-04) (Tables 1 and 2 ) but not when MMR has been inactivated (msh2Δ strain) (Table S3 ). These observations indicate that the type of damage generated in the absence Shm2 is not repaired by MMR and does not causes mutagenesis unless DNA polymerase function is affected.
Because Shm2 generates 5,10-CH 2 -THF, which is used as cofactor during nucleotide biosynthesis, we hypothesized that loss of Shm2 might cause dNTP pool imbalances and consequently DNA replication infidelity. Interestingly, inactivation of Shm2 in S. cerevisiae neither caused alterations in NTP or dNTP pools (Fig. 4 A and B and Tables S4 and S5) nor resulted in activation of the DDR (Fig. 3 B and C) , which otherwise is a common feature described for mutants with dNTP pools below their normal level (81) . One possible explanation is that loss of Shm2 results in increased oxidative damage, leading to modified cytosine or uracil bases, which upon incorporation into DNA might be susceptible to deamination events frequently associated with C-to-T transitions. Supporting this hypothesis, quantitative metabolic flux analysis done in mammalian cells revealed that the C1 cycle, through oxidation of 5,10-CH 2 -THF, contributes to the production ∼40% of NADPH (82), a central cofactor in redox homeostasis. Alternatively, loss of Shm2 in S. cerevisiae, similar to inactivation of mammalian Shmt1 (78, 80) , might cause uracil accumulation and increased mutagenesis. However, our analysis in shm2Δ mutants did not reveal major differences in NTP/dNTP pools or signs of DDR activation. Thus, if loss of Shm2 causes dUTP accumulation in S. cerevisiae, this increase might have been below our limit of detection, but nevertheless sufficient to cause genome instability.
Low dCTP Levels as an Achilles' Heel of High-Fidelity DNA Replication.
Among the mutants identified here, both ura7Δ and gln3Δ showed the strongest mutator synergies with DNA polymerases A B or MMR mutant alleles (Tables 1 and 2 and Table S3 ). Although inactivation of Gln3 or Ura7 (in an msh6Δ background) mainly resulted in base substitutions ( Fig. 4C and Table S6 ), we also found a small increase in frameshift mutations in combination with msh6Δ or exo1Δ, but not with msh3Δ or msh2Δ backgrounds (Table S3) . We propose that this increase in frameshifts is not directly associated to the dNTP imbalance caused by gln3Δ and ura7Δ mutations, but rather a consequence of an overload of MMR capacity due to a large quantity of base substitutions, thus preventing the recognition of frameshifts. Previous reports demonstrated that Ura7 contributes to a great extent (∼80%) to the production of CTP (a minor isoform called Ura8 gives account for the remaining CTP production) (37) . However, the potential consequences of reduced CTP levels on dNTP pools remained unknown. We found that loss of Ura7 not only affects CTP pools but also results in a 50% reduction in dCTP pools with a concomitant increase in the concentration of the other three dNTPs (Fig. 4 A and B and Tables  S4 and S5 ).
The role of the transcription factor Gln3 in NTP/dNTP pool maintenance has not been previously investigated. Here, we provide evidence that, although glutamine is used for de novo synthesis of both purines and pyrimidines, loss of Gln3 under our experimental conditions preferentially affects CTP and dCTP concentrations. Similar to ura7Δ mutant, the gln3Δ strain had a 50% reduction in CTP and dCTP levels as well as higher levels on the other dNTPs (Fig. 4 A and B and Tables S4 and S5) . Importantly, we demonstrated that the strong mutator phenotype of gln3Δ double mutants was largely suppressed by glutamine supplementation (Fig. 3E) . Glutamine is used as nitrogen source for protein and nucleotide biosynthesis and is considered one important "fuel" for cancer cells. This is illustrated by the fact that some cancer cell lines are strongly dependent on external glutamine for survival ("glutamine addiction") (64, 83) . Consequently, glutamine analogs inhibit cell proliferation, in part by inactivating glutamine-requiring enzymes involved in purine and pyrimidine biosynthesis (including CTP synthetase). Moreover, the glutamine analog Acivicin, which strongly inhibits CTP synthetase activity (84) , has been shown to induce a dNTP imbalance characterized by reduced CTP/dCTP levels and increased UTP levels (85, 86) , which is reminiscent of the gln3Δ mutant phenotype. In light of our findings, it would be interesting to investigate whether a low glutamine environment, as recently described for the core region in solid tumors (87) or due to glutamine analog treatment, causes increased mutagenesis, accelerating tumor evolution and the acquisition of cancer drug resistance.
The finding that deletion of DUN1 suppresses the strong mutator phenotype of double mutants carrying ura7Δ or gln3Δ mutations in DNA replication fidelity-compromised backgrounds (Fig. 3D) , suggests that this phenotype is in part caused by DDR activation. This hypothesis is further supported by the finding that suppression of the mutator phenotype upon DUN1 deletion correlates with a reduction in dATP, dTTP, and dGTP levels (Fig. 4B) , resulting in a dNTP pool with less mutagenic potential given the lower dTTP: dCTP ratio. The differences between dun1Δ ura7Δ and dun1Δ gln3Δ DNA content profiles (Fig. 3C ) are consistent with a major role of Ura7 during CTP synthesis, whereas Gln3 is required under special circumstances (e.g., glutamine limitation). We speculate that conditions restricting dNTPs biosynthesis (e.g., dun1Δ) will prevent depletion of glutamine pools, and consequently cells might not heavily rely on Gln3 functions.
RNR catalytic activity responds to sophisticated allosteric regulation that "senses" three out of the four dNTPs (RNR is refractory to dCTP levels) and can "fine-tune" them, according to the cellular demands (Fig. 5A) (88) . Excess in dCDP pools can be redirected to the synthesis of dTTPs by the action of dCMP deaminase. However, cells are not able to compensate for reductions in dCTP pools. As illustrated in Fig. 5B , ura7Δ or gln3Δ mutation interferes with the production of CTP, which is used as substrate for dCTP biosynthesis. Reduced dCTP levels likely cause stalled replication forks and activation of the DDR, which, instead of compensating for low dCTP levels, creates a severe dNTP imbalance with high mutagenic potential.
Mutation spectra analysis in gln3Δ or ura7Δ mutants revealed a strong increase in G:C-to-A:T transitions, representing about 95% of the identified mutations ( Fig. 4C and Table S7 ). The reduced dCTP and high dTTP levels observed in gln3Δ or ura7Δ mutants are likely driving the misincorporation of dTTP at positions where dCTP would be required.
Without any exception, all mutational hotspots identified in this study can be explained by the "next-nucleotide effect" (8, 89) . According to this model, after the misincorporation of a nucleotide, the high concentration of the next nucleotide (given by the sequence context) favors its incorporation (rapid extension) before proofreading of the previously misincorporated nucleotide (Fig. 4 D and E and Table S7 ). For example, at G788A transition, which occurs 16 times more frequently in msh6Δ ura7Δ compared with msh6Δ, the predicted T misincorporation (resulting in a G-dT mispair) is followed by the correct incorporation of 5 nt, in which none of them is C, and all nucleotides are at least 2.7-fold more abundant than in the WT strain (Fig. 4D) . The same holds true for other hotspots, with some variations in the number of nucleotides that are introduced after the mispaired base, until the next C is required.
The characterization of mammalian cell lines resistant to inhibitory concentrations of specific nucleosides (or their analogs) (90, 91) revealed that mutations affecting the allosteric regulation of key enzymes involved in dNTP biosynthesis (RNR, CTP synthetase, and dCMP deaminase) can lead to dNTP imbalances, and in some cases, increased mutator phenotypes. Consequently, the identification and characterization of genes affecting dNTP pools might provide insights into mutagenesis and cancer susceptibility. Unfortunately, quantification of dNTP pools is laborious and not well suited for high-content screening. Therefore, this type of analysis has been limited to a relatively small number of gene mutations. In addition, not all dNTP imbalances correlate with increased mutation rates. For example, inactivation of dCMP deaminase (dcd1Δ) in S. cerevisiae resulted in 3-fold reduction in dTTP pool and about 30-fold increased in dCTP levels, without any consequences on mutation rates at the URA4 reporter (92) .
Future studies will be required to understand in more detail the consequences of dNTP imbalances and S-phase checkpoint activation on DNA replication fidelity. As it has been suggested by Kumar et al. (81) , a collection of strains with diverse welldefined dNTP pool imbalances would be extremely useful to expand our understanding how dNTP imbalances and checkpoint activation affect DNA replication fidelity.
In summary, we uncovered a group of previously unrecognized genes (GLN3, SHM2, RRM3, and URA7) that contribute to DNA replication fidelity. Two of these mutations (gln3Δ and ura7Δ) caused imbalanced dNTP pools by preventing the production of substrates used by RNR for dNTP biosynthesis. Importantly, these dNTP imbalances, when combined with partial defects on DNA polymerase functions or MMR activity, cause severe mutator phenotypes. In light of these observations, it is likely that stillunrecognized mutations (or environmental conditions) might influence the balance of dNTPs without immediate consequences on mutation rates. Such mutations or conditions can have dramatic effects on mutation rates when combined with defects in other DNA replication fidelity determinants often found in cancer cells. Therefore, our results not only highlight the superb buffer capabilities of the eukaryotic DNA replication and MMR system, but they also open up avenues to investigate genetic interactions that might drive mutator phenotypes and potentially tumor evolution. Thus, the human counterparts of the genes identified here could represent potential "minidrivers" for cancer development, which might participate in polygenic interactions resulting in increased mutagenesis.
Materials and Methods
All S. cerevisiae strains used in this study (Table S8) were derivatives of the S288C strains RDKY3686 (MATα ura3-52 leu2Δ1 trp1Δ63 hom3-10 his3Δ200 lys2-10A) (93) or RDKY5964 (a MATa version of RDKY3686) (26) . Strains were cultivated at 30°C according to standard protocols. Gene deletions and gene tagging were performed using standard PCR-based recombination methods (94), followed by confirmation by PCR. Correct insertion of tags or point mutations, as well as absence of additional unwanted mutations, were confirmed by sequencing. Specific mutations (pol1-L868M, pol2-M644G, pol3-L612M, pol2-04, cyh2-Q38K) were introduced at the chromosomal locus by pop-in/pop-out or PCR-based recombination methods and the presence of the desired mutations, as well as the absence of additional mutations, was confirmed by sequencing (for details, see SI Materials and Methods).
Genome-Wide Screen in S. cerevisiae. Here, we engineered a modified version of the SGA protocol (32) to cross (using a RoToR robot; Singer Instruments) the nonessential gene deletion collection (BY4742) (MATα his3Δ1 leu2Δ0 ura3Δ lys2Δ yfg::kanMX4) with four queries (HHY5298, HHY5292, HHY5984, and HHY5289) , carrying the wt-POL1, pol1-L868M, pol2-M644G, or pol3-L612M alleles, respectively [marked with a nourseothricin (nat) cassette at the 3′-UTR]. Otherwise, all four queries shared the following genotype: MATa ura3-52 leu2Δ1 trp1Δ63 his3Δ200 cyh2-Q38K hom3-10.HIS3 pMFA1-klLEU2. hphNT1.lys2-10A MLH2.klURA3, which allowed the systematic mating, sporulation, and selection procedure (for details about query strain construction and SGA modifications, see SI Materials and Methods).
For qualitative mutator analysis, double-mutant cells were spotted on YPD-agar using Liquidator 96 (Mettler Toledo) and grown for 2 d at 30°C. Next, plates were imaged using the GelDoc system (Bio-Rad) and replica plated onto two different mutator reporter plates, either lacking lysine (lys2-10A frameshift reversion assay) or containing canavanine (CAN1 inactivation assay), and grown for 4 d at 30°C. Plates were imaged for documentation and scored visually. Positive hits were rechecked and those double mutants that showed increased mutator phenotype were generated in RDKY5964 (or RDKY3686) for further analysis.
Determination of Mutation Rates. Mutation rates using frameshift reversion assays (hom3-10 and lys2-10A) and the CAN1 inactivation assay were determined by fluctuation analysis as previously described (33, 93) . URA3 forward inactivation rates were similarly determined by fluctuation analysis based on the spontaneous appearance of 5-fluoroorotic acid (5-FOA)-resistant colonies. Each mutation rate was determined by using two biological isolates and at least 14 independent cultures.
Yeast Cell Lysates and Immunoblotting. S. cerevisiae whole-cell protein extracts were generated as previously described (26) and were analyzed on 7% or 8% SDS/PAGE followed by immunoblotting using anti-Rad53 (EL7.E1; Abcam), anti-Rnr1 (AS09576; Agrisera), anti-Rnr2 (AS09575; Agrisera), and anti-Rnr3 (AS09574; Agrisera). YL1/2 antibody (Sigma) was used to probe for Rnr4 and tubulin (81) .
DNA Content Analysis. Logarithmic S. cerevisiae cultures were processed as described in ref. 6 and analyzed using BD FACSCanto II (BD Biosciences).
Determination of NTP and dNTP Pools. NTP and dNTPs were measured as described (60) .
CAN1 Mutation Spectra Analysis. The CAN1 gene from individual Can R clones was amplified from genomic DNA by PCR and sequenced (GATC Biotech). Sequences were analyzed with Lasergene 12 (DNASTAR). Mutation spectra distributions and mutational hotspots were compared with Fisher's exact test in R. Values of P ≤ 0.05 were defined as significantly different.
